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ABSTRACT 

[Confidential] 

The  Artemis  acoustic  source  w.-.s  designed  to  meet  the  requirements  for 
an  ocean  surveillance  study  program.  These  requirements  included  a  source 
level  of  152  dB  in  a  100-Hz  band  contered  at  400  Hz  with  a  transducer  oper¬ 
ating  depth  of  1200  feet.  The  transducer,  which  was  completed  in  June  1964, 
is  a  rectangular  planar  array  33  feet  wide  and  50  feet  high.  It  is  composed  of 
1440  variable-reluctance  elements  whicn  are  driven  in  parallel  from  a  linear 
electronic  amplifier.  The  source  is  installed  aboard  a  modified  T-2  class 
tanker  having  a  well  amidsliip  through  which  the  transducer  array  is  lowered 
and  retrieved. 

Initial  tests  of  the  partially  completed  source  had  revealed  a  severe 
acoustic  interaction  problem  which  imposed  a  restriction  on  the  operating 
power  level.  A  study  program  was  initiated  and  experiments  were  conducted 
to  investigate  the  interaction  behavior  and  to  discover  means  to  alleviate  its 
effects.  Results  demonstrated  that  improved  performance  could  be  obtained 
by  modifying  the  original  series-parallel,  connection  of  elements  to  an  all¬ 
parallel  form.  The  indicated  modification  was  performed  concurrent  with  the 
completion  of  the  transducer  array. 

Measurements  performed  on  the  completed  and  modified  transducer  re¬ 
sulted  in  a  set  ci  recommended  safe  power  levels  which  depend  upon  fre¬ 
quency.  Operation  at  the  recommended  maximum  power  with  pulsed  sinusoids 
at  420  Hz,  the  favorable  frequency,  produces  a  source  level  of  147  dB  refer¬ 
enced  to  one  dyne  per  square  centimeter  at  one  yard.  Operation  at  other  fre¬ 
quencies  is  more  limited  in  power,  particularly  at  the  upper  end  of  the  fre- 
qut.  uy  band. 

An  acoustic  calibration  o!  the  source,  accomplished  with  the  aid  of 
hydrophones  mounted  on  the  end  of  a  190-foot  boom,  defined  the  transfer 
function  in  a  vertical  plane  through  the  acoustic  axis  out  to  the  first  minor 
lobe.  Correlation  functions  were  obtained  between  the  input  signal  and  the 
acoustic  output  using  pseudorandom  signals.  It  is  concluded  that  the  acoustic 
source  introduces  negligible  distortion  in  this  type  of  signal. 


PROBLEM  STATUS 

This  is  an  interim  report  on  the  Project  Ar'emis  acoustic  source,  work 
is  continuing. 
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PROJECT  ARTEMIS  ACOUSTIC  SOURCE 
[Unclassified  Title] 


INTRODUCTION 

The  ocean  surveillance  study  program,  Project  Artemis,  initiated  by  the  Office  of 
Naval  Research  in  1958,  required  a  very  high  power,  deep  acoustic  source.  The  acous¬ 
tic  requirements  established  for  the  projector  called  for  a  capability  of  radiating  1000  kW 
of  acoustic  power  in  a  100-Hz  band  centered  at  400  Hz  with  pulse  lengths  of  10  to  60  sec¬ 
onds  at  a  10%  duty  cycle.  Beamwidth  to  *he  half-power  points  was  to  be  20  degi  ees  in 
the  horizontal  plane  and  12.5  degrees  in  the  vertical  plane.  This  combination  of  power 
and  beamwidth  would  result  in  a  source  level  of  approximately  152  decibels  relative  to 
1  microbar  at  1  yard  (dB/1  /xbar  at  1  yd).  The  acoustic  axis  was  to  have  a  fixed  orienta¬ 
tion  of  11  degrees  above  the  horizontal  plane. 

Several  proposals  for  the  projector  were  considered,  the  final  selection  being  a  rec¬ 
tangular  plane  array  33  feet  wide  by  50  feet  high  composed  of  1440  variable-reluctance 
transducer  elements.  Eacn  element  is  nearly  cubical,  being  11-1/8  inches  square  on  the 
radiating  face  and  11-3/4  inches  deep.  They  are  assembled  in  frames  in  which  72  ele¬ 
ments  are  closely  packed  in  12  rows  by  six  columns.  Each  assembly,  referred  to  as  a 
module,  is  approximately  6  feet  wide,  by  12  feet  high.  The  completed  array  consists  of 
four  rows  of  modules  with  five  modules  in  each  row.  The  modules  are  mounted  on  a 
suitable  array  frame  which  provides  the  proper  tilt  angle  of  the  radiating  face  and  sup¬ 
ports  auxiliary  components  associated  with  the  electrical  input  to  the  elements.  Radia¬ 
tion  to  the  rear  of  the  array  is  suppressed  by  a  system  of  pressure  compensated,  flat¬ 
tened,  gas-filled  tubes  which  serve  as  acoustic  pressure  releases  on  the  rear  faces  of 
the  elements. 

A  photograph  of  the  completed  array  is  shown  in  Fig.  1.  The  array  structure  is  in¬ 
stalled  in  a  modified  T2-SE-A2  class  tanker,  the  USNS  Mission  Capistrano  (T-AG  162). 
The  modification  included  the  installation  of  a  well  amidships  through  which  the  trans¬ 
ducer  array  can  be  lowered  to  depths  as  great  as  1200  feet.  When  the  ship  is  in  transit, 
the  array  is  stowed  within  the  well.  The  source  ship  is  equipped  v/ith  the  necessary  me¬ 
chanical  equipment  for  lowering  and  raising  the  array  and  for  handling  the  connecting 
electrical  cables.  It  also  carries  suitable  electrical  power  generating  equipment  and  the 
linear  electronic  driver  for  the  transducer  (1,2). 

An  initial  test  (3)  of  the  source  facility  was  conducted  in  May  and  June  1961.  At  that 
time  only  two  of  the  projected  20  elements  had  been  installed',  as  shown  in  Fig.  2.  The 
purpose  of  this  test  was  to  obtain  impedance  characteristics,  response  curves,  effi¬ 
ciency,  and  linearity  data.  In  addition,  accelerometers  were  used  to  monitor  the  dy¬ 
namic  displacement  of  the  radiating  faces  of  two  of  the  elements  during  part  o.t  ine  tests. 
During  the  experiment,  tests  indicated  that  a  number  of  the  transducer  elements  were 
damaged.  This  damage  was  the  result  of  excessive  deflection  and  subsequent  fatigue 
failure  of  the  transducer  element  springs.  Accelerometer  measurements  revealed  large 
variations  in  radiating  mass  displacements,  with  the  majority  in  excess  of  predicted 
values.  These  results  prompted  further  tests  (4)  in  June  1961  in  which  displacement 
amplitude  and  phase  were  monitored  at  23  element  positions.  The  results  of  these  and 
subsequent  trials  are  treated  in  following  sections  of  this  report. 
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Fig.  1  -  The  Artemis  transducer  array 


After  the  initial  tests  had  been  completed,  the  array  was  enlarged  by  the  installation 
of  13  additional  transducer  modules  forming  three  rows  of  five  modules  each,  as  shown 
in  Fig.  3.  Evaluation  (5)  of  the  larger  array  configuration  was  conducted  during  Septem¬ 
ber  and  October  1961.  While  enlarging  the  array  resulted  in  improved  operating  char¬ 
acteristics  with  respect  to  acoustic  loading  and  displacement  distribution,  the  permissi¬ 
ble  operating  power  level  was  still  severely  restricted  by  abnormally  high  transducer 
displacements.  It  became  evident  that  the  apparently  anomalous  behavior  was  caused  by 
acoustic  interaction  effects. 

A  program  of  experiments  (6)  and  theoretical  studies  (7)  was  initiated  at  this  point 
to  further  define  the  interaction  problem  and  to  evaluate  several  possible  solutions.  The 
results  of  this  study  demonstrated  the  desirability  of  changing  the  electrical  drive  of  the 
elements  from  the  initial  series -parallel  conformation  to  an  all-parallel  connection. 
Subsequently,  when  the  array  was  completed  by  the  addition  of  the  top  row  of  five  trans¬ 
ducer  modules  in  June  1964,  the  electrical  connection  of  elements  was  modified  to  a 
parallel  connection  for  the  entire  array.  Tests  (8)  of  the  completed  and  modified  array 
during  July  1964  confirmed  that  a  substantial  increase  in  input  power  capacity  had  been 
achieved,  although  the  maximum  allowable  power  was  a  marked  function  of  frequency. 
Except  for  superficial  measurements  of  sound  field  amplitudes,  acoustic  tests  were  de¬ 
ferred  pending  the  availability  of  an  adequate  means  of  positioning  the  hydrophones  stably 
and  accurately  in  the  acoustic  field 

An  acoustic  calibration  was  performed  during  November  1965.  A  190-foot  rigid 
boom  pivoted  at  the  base  of  the  array  enabled  the  positioning  of  monitor  hydrophones  at 
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Fig.  2  -  The  partially  completed  Artemis  array 
as  assembled  for  initial  tests 


a  selection  of  positions  in  a  vertical  plane  through  the  acoustic  axis.  Phase  and  ampli¬ 
tude  of  the  acoustic  field  were  measured  with  steady- state  sinusoidal  signals  and  pseudo¬ 
random  signals.  Crosscorrelations  between  electrical  input  and  acoustic  output  were 
obtained. 

This  report  summarizes  the  results  of  all  Artemis  source  tests,  including  the 
acoustic  calibration  which  was  performed  in  November  1965.  Details  of  special  devices 
and  instrumentation  used  in  the  acoustic  calibration  are  described  in  a  separate  report  (9). 


INITIAL  TESTS  WITH  A  ONE-WAVELENGTH  SQUARE  ARRAY 

An  array  composed  of  144  variable -reluctance  transducer  elements  was  installed  on 
the  Artemis  array  structure  in  May  1961  for  experimentation  and  determination  of  oper¬ 
ating  characteristics.  The  transducer  element  which  is  approximately  cubical,  being 
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Fig.  3  -  The  interim  15-module 
Artemis  transducer  array 


11-1/8  inches  square  on  the  radiating  face  by  11-3/4  inches  deep,  is  a  type  TR-11C, 
manufactured  to  Naval  Research  Laboratory  specification  by  Massa  Division,  Dynamics 
Corporation  of  America.  The  transducers  were  assembled  in  modules  six  elements  wide 
by  12  elements  high.  Two  such  modules  were  mounted  side  by  side  on  the  array  struc¬ 
ture,  as  shown  in  Fig.  2.  The  six  elements  in  each  module  row  were  electrically  con¬ 
nected  in  series  with  the  12  rows  connected  in  parallel.  The  two  modules  were  then  con¬ 
nected  in  parallel  in  an  oil-filled  junction  box.  Thus,  the  array  consisted  of  24  parallel 
groups  of  six  elements  in  series.  The  dc  polarizing  power,  as  well  as  the  ac  power,  was 
supplied  to  this  group.  Each  element  was  polarized  with  10  amp  of  direct  current. 
Acoustic  pressure  release  was  provided  at  the  rear  (opposite  of  side  shown  in  Fig.  1)  of 
the  modules  by  flattened-tube  resonant  reflectors.  The  tubes  were  six  feet  long  and  ex¬ 
tended  horizontally  across  the  back  of  each  row  of  six  transducer  elements.  The  flat¬ 
tened  tubes  were  approximately  six  inches  wide,  thus  covering  about  one-half  of  the  rear 
radiating  surface  of  the  transducers.  The  tubes  were  separated  approximately  one-half 
inch  from  the  rear  face  of  the  array.  In  order  to  prevent  the  tubes  from  collapsing  under 
ambient  pressure,  they  were  filled  with  nitrogen  gas  from  a  regulated  system.  The  same 
pressure-release  configuration  is  in  use  on  the  present  completed  array.  However,  the 
tubes  ....  been  replaced  by  an  improved  design  and  are  now  filled  with  dry  air  rather 
than  nitrogen. 

Experimental  work  with  these  two  modules  was  conducted  during  May  and  June  1961. 
Two  operating  areas  were  used.  One  was  in  the  Chesapeake  Bay  near  Cape  Charles, 
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Virginia,  at  a  water  depth  of  90  feet.  The  maximum  possible  operating  depth  to  the  cen¬ 
ter  of  the  two  modules  was  approximately  40  feet.  The  second  operating  area  was  in  the 
Atlantic  Ocean  northeast  of  the  Bahamas  at  approximately  28°N,  74 °W. 

Acoustic  data  were  recorded  from  two  monitor  hydrophones.  One  was  mounted  on  a 
boom  which  placed  it  on  the  center  line  28  feet  in  front  of  the  array.  The  second  hydro¬ 
phone  was  also  on  the  center  line,  17  feet  behind  the  array.  This  hydrophone  was  at  the 
farthest  point  on  the  array  structure,  behind  the  two  modules. 

Accelerometers  were  attached  to  the  radiating  faces  of  two  transducer  elements  in 
order  to  monitor  displacement  amplitudes.  In  a  later  experiment,  all  of  the  pressure- 
release  tubes  were  removed  to  permit  attachment  of  accelerometers  to  a  larger  sample 
of  elements.  Therefore,  although  the  acoustic  data  to  be  presented  for  this  experiment 
were  obtained  with  pressure-release  tubes  in  place,  the  displacement  data  were  obtained 
with  the  tubes  removed,  thus  allowing  radiation  both  to  the  front  and  to  the  rear. 

The  array  response  characteristics  and  efficiency  for  a  constant  input  current  of 
30  amp  is  illustrated  in  Fig.  4.  The  power  output  was  computed  from  the  measured  in¬ 
tensity  on  the  acoustic  axis  and  from  an  assumed  directivity  index  computed  for  a  one- 
wavelength  square  piston.  The  system  response  for  a  constant  voltage  input  to  the  am¬ 
plifier  is  shown  in  Fig.  5.  Except  for  small  deviations  from  smooth  curves,  the  response 
characteristics  appear  normal  and  the  efficiency  is  high.  However,  during  the  experi¬ 
ments,  tests  on  the  transducer  elements  indicated  that  several  had  failed.  These  failures 
apparently  were  the  result  of  excessive  deflections  which  resulted  in  failure  of  the  trans¬ 
ducer  springs.  When  the  displacements  of  the  elements'  radiating  faces  were  examined, 


Fig.  4  -  Response  characteristics  of  the  two-module  Artemis  array 
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Fig.  5  -  Voltage  respo-.&e  of  the  two-module  Artemis  array, 
amplifier  matched  to  34  +  jZZ  Si,  transducer  current  response 
and  impedance  data  taken  at  400  ft  depth  with  Iac  =  30  amp 


it  was  apparent  that  both  phase  and  amplitude  had  wide  variations  from  element  to  ele¬ 
ment  and  that  the  pattern  was  a  function  of  frequency.  It  is  assumed  that  deviations  in 
the  response  curves  resulted  from  the  variations  in  element  displacement.  Typical 
phase  and  amplitude  patterns  for  five  frequencies  within  the  operating  band  are  illus¬ 
trated  in  Fig.  6.  The  element  positions,  for  which  these  data  were  obtained,  are  those  of 
the  first  eight  elements  at  the  top  of  the  third  column  from  the  left,  when  facing  the  ar¬ 
ray.  The  uppermost  element  in  the  column  occupies  position  one.  The  dashed  line  in 
each  amplitude  plot  represents  the  average  value  of  the  data  presented  in  that  plot.  In  an 
array  of  displacement-limited  elements  having  a  nonuniform  displacement  distribution, 
the  power  input  is  limited  to  a  value  which  does  not  result  in  a  displacement  greater  than 
an  acceptable  value  in  the  element  having  the  largest  displacement.  Since  the  displace¬ 
ment  is  proportional  to  the  square  root  of  the  power,  an  element  having  double  the  nor¬ 
mal  displacement  limits  the  allowable  power  to  one-fourth  the  normal  value  for  uniform 
displacements. 

At  the  time  of  these  tests,  instrumentation  was  not  available  to  monitor  transducer 
spring  deflections.  The  transducer  springs  support  a  reaction  mass,  within  a  watertight 
housing,  which  serves  as  the  radiating  mass.  Fatigue  failure  of  the  springs  is  the  factor 
which  limits  the  operating  power  level  of  these  elements.  Measurement  of  the  outer 
mass  displacement  serves  as  an  indication  of  the  uniform  behavior  of  the  elements,  but 
it  will  be  shown  that  there  is  not  a  one-to-one  correspondence  between  outer  mass  dis¬ 
placement  and  spring  deflection. 
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The  effectiveness  of  the  pressure- 
release  tubes  was  confirmed  by  comparing 
the  source  levels  on  the  axis  and  recipro¬ 
cal  axis.  The  results  of  these  measure¬ 
ments,  which  were  performed  for  various 
values  of  input  current  from  5  to  30  amp, 
are  shown  in  Fig.  7. 


THE  INTERIM  15-MODULE 
ARRAY 

By  the  summer  of  1961  a  sufficient 
number  of  transducer  modules  were  avail¬ 
able  to  permit  enlargement  of  the  array  to 
a  configuration  of  three  rows  of  modules 
with  five  modules  in  each  row.  A  photo¬ 
graph  of  the  array  with  15  modules  installed 
is  shown  in  Fig.  3.  The  installation  of  the 
fourth  or  top  row  of  modules  remained  to 
complete  the  array.  The  enlarged  array 
was  to  be  used  in  propagation  experiments 
pending  the  availability  of  the  last  five 
modules.  Four  oil-filled  component  tanks 
and  a  junction  box  were  installed  in  the 
base  of  the  array  structure.  The  double - 
armored  cables  which  provide  power  and 
instrumentation  connections  from  the  ship 
to  the  transducer  were  terminated  in  the 
junction  box. 


I  2  3  <1  3  6  7  8 
ELEMENT  POSITION 


I  2  3  4  5  6  7  8 
ELEMENT  POSITION 


Fig.  6  -  Displacement  amplitude  and 
phase  of  the  radiating  faces  for  one 
column  of  elements  in  the  two -module 
Artemis  array 


Connections  are  made  witiun  the  junc-  Artemis  array 

tion  box  to  distribute  the  power  and  instru¬ 
mentation  conductors  to  the  four  compo¬ 
nent  tanks.  The  junction  box  also  houses 

remotely  operated  contactors  which  can  connect  or  disconnect  power  to  each  tank.  Each 
component  tank  serves  one  row  of  transducer  modules  and  houses  the  necessary  electri¬ 
cal  components  to  appropriately  transform  and  distribute  the  signal  current  and  the  po¬ 
larizing  current  v  >  each  module  in  the  row  it  serves.  It  also  contains  sensors  which 
measure  these  currents  and  transmit  the  information  for  remote  indication.  Polarizing 
power  is  transmitted  from  the  ship  to  the  component  tanks  as  three-phase  60-Hz  alter¬ 
nating  current.  A  12-phase  silicon  diode  rectifier  in  each  component  tank  rectifies  the 
alternating  current  to  provide  a  10-amp  polarizing:  current  to  each  of  the  transducer  ele¬ 
ments.  Each  component  tank  contains  a  transformer  having  five  secondary  windings, 
which  distributes  the  signal  current  through  appropriate  tuning  and  blocking  capacitors 
to  each  of  the  five  modules  in  the  row  served  by  that  tank.  The  transformer  primaries 
are  connected  in  parallel  in  the  junction  box.  Since  three  rows  of  modules  were  installed 
on  the  interim  array,  only  three  of  the  four  component  tanks  were  used  at  that  time. 
Pressure  release  was  accomplished  at  the  transducer's  rear  face  in  the  same  manner 
as  in  the  two-module  array. 

The  array  was  driven  by  a  1300-kW  linear  electronic  amplifier.  Although  only  one 
amplifier  was  used  with  the  interim  15-module  source,  four  identical  amplifiers  are 
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Fig.  7  -  Ratio  of  acoustic  pressures  in  front  and 
to  the  rear  of  the  two-module  Artemis  array- 


available  on  the  ship  for  driving  the  completed  array.  Their  outputs  can  be  paralleled  in 
any  combination  of  from  one  to  four  amplifiers. 

Tests  of  the  15-module  array  were  conducted  in  the  Cape  Charles  area  of  the  Ches¬ 
apeake  Bay  at  a  water  depth  of  80  feet,  at  27t,28'N  latitude  and  75°19'W  longitude  at  a 
water  depth  of  2540  fathoms,  and  at  various  areas  within  Exuma  Sound.  The  purpose  of 
the  shallow-water  tests  in  the  Chesapeake  Bay  was  to  check  the  operations  of  the  acous¬ 
tic  source  and  instrumentation.  All  data  to  be  presented  were  obtained  in  deep  water 
operations. 

Thirty-five  accelerometers  were  available  for  measurement  of  displacement  phase 
and  amplitude.  These  were  moved  to  sample  the  displacements  of  the  radiating  masses 
of  81  elements  in  selected  locations,  principally  in  the  upper-left-hand  quadrant  of  the 
array.  In  addition,  one  transducer  element  was  specially  instrumented  with  an  acceler¬ 
ometer  on  its  inner,  or  reaction,  mass.  Current  sensors  were  placed  in  series  with 
each  row  of  elements  in  each  of  two  modules.  The  outputs  of  the  system  current  sensors, 
which  monitor  the  ac  and  dc  currents  to  each  module,  were  also  available.  Crude  acous¬ 
tic  measurements  were  obtained  by  suspending  a  hydrophone  from  a  small  boat  at  a 
range  of  approximately  60  yards.  The  hydrophone  was  moved  in  azimuth  and  depth  until 
a  maximum  response  indicated  a  position  on  the  acoustic  axis.  The  range  was  measured 
acoustically. 
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With  steady-state  sinusoidal  drive,  the  current  was  measured  in  each  of  the  12  rows 
of  elements  in  the  module  located  in  the  geometrical  center  of  the  array.  Figure  8  illus¬ 
trates  the  results  at  each  of  15  discrete  frequencies.  An  approximately  sinusoidal  pat¬ 
tern  with  a  repetition  interval  equal  to  the  sound  wavelength  in  water  is  apparent.  Theo¬ 
retical  studies  of  the  radiation  loading,  as  modified  by  acoustic  interactions,  show  a 
similar  pattern  having  acoustic  load  maximums  spaced  at  approximately  one-wavelength 
intervals  across  the  face  of  an  array. .  It  is  very  probable  that  acoustic  loading  patterns 
resulting  from  interactions  are  responsible  for  the  variations  in  current  with  element 
position.  However,  the  data  illustrated  in  Fig  8  are  somewhat  complicated  by  the  fact 
that  the  current  in  each,  row  is  determined  by  the  loading  on  a  row  of  six  series- 
connected  elements.  Thus,  variations  of  element  displacement  throughout  the  array  are 
partly  due  to  acoustic  loading  interactions  and  partly  to  electrical  impedance  interactions. 

The  distribution  of  displacement  amplitude  and  phase  was  more  uniform  in  the  en¬ 
larged  array  than  in  the  two-module  array.  However,  peak  displacements  were  still 
much  larger  than  those  predicted  for  a  fully  loaded,  uniformly  vibrating  piston  producing 
the  same  power  output.  This  was  particularly  evident  in  the  upper  half  of  the  frequency 
band.  The  elements  to  which  accelerometers  were  attached  are  marked  with  X's  in  the 
diagram  of  Fig.  9.  In  the  four  following  illustrations,  rows  of  elements  are  numbered 
from  the  top  and  columns  from  the  left.  Figures  10a  and  10b  illustrate  the  displacements 
observed  in  two  instrumented  rows  and  one  instrumented  column  of  elements  at  frequen¬ 
cies  of  400  Hz  and  430  Hz,  respectively.  Corresponding  diagrams  of  phase  are  illus¬ 
trated  in  Figs.  11a  and  lib.  These  are  typical  of  patterns  observed  at  other  frequencies 
with  a  noted  tendency  for  less  uniform  patterns  in  the  upper  half  of  the  frequency  band. 
Again,  interpretation  of  the  phase  and  amplitude  data  is  complicated  by  the  series- 
parallel  connection  of  elements.  As  was  previously  noted,  the  displacement  amplitude  of 


Fig.  8  -  Current  distribution  in 
series-connected  rows  of  elements 
in  one  module  of  the  15-module 
Artemis  array 


Fig.  9  -  Accelerometer  locations 
(marked  with  crosses),  module 
identification,  and  element  row 
and  column  enumeration  for  the 
15-module  Artemis  array 
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ELEMENT  POSITION  (EDGE  TOWARD  CENTER)  ELEMENT  PJSITlON  iECiiE  TOWARD  CENTER) 

Fig.  10  -  Displacement  amplitude  patterns  for  the  15-module  array 


ELEMENT  POSITION  (EDGE  TOWARD  CENTER)  ELEMENT  POSITION  (EDGE  TOWARD  CENTER) 

Fig.  11  -  Displacement  phase  patterns  for  the  15-module  array 


the  radiating  mass  cannot  be  directly  related  to  power  limitation,  since  it  is  the  trans¬ 
ducer  spring  deflection  which  limits  power.  Figures  12  and  13  illustrate  the  observed 
relations  of  inner  and  outer  mass  displacement  and  phase,  respectively,  for  an  element 
position  near  the  center  of  the  array.  These  data  were  obtained  with  the  specially  in¬ 
strumented  element  containing  an  accelerometer  or.  the  inner  mass.  Since  the  transducer 
springs  are  between  the  inner  and  outer  masses,  the  vector  sum  of  the  mass  displace- 
nents  is  equal  to  the  spring  deflection.  It  is  apparent  that  there  is  not  a  one-to-one  re¬ 
lation  between  outer  mass  displacement  and  spring  deflection  as  the  frequency  is  varied. 
Only  one  specially  instrumented  element  was  available  for  this  test,  and  it  was  therefore 
impractical  to  obtain  a  wide  sampling  of  spring  deflections  over  the  elements  of  the 
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Fig.  12  -  Displacement  ampli¬ 
tude  of  the  inner  and  outer 
masses  for  one  element  in  the 
15-n:  odule  array- 
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Fig.  13  -  Displacement  phase  of  the 
inner  and  outer  masses  for  one  ele¬ 
ment  in  the  15-module  array 
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array.  Quantitative  limits  on  power,  therefore,  were  not  available.  The  wide  variation 
in  outer  mass  displacements,  however,  revealed  an  unsatisfactory  operating  condition. 

Results  of  this  test,  which  disclosed  a  severe  interaction  problem,  prompted  the  ini¬ 
tiation  of  an  experimental  and  a  theoretical  program  to  gain  a  better  understanding  of  the 
problem  and  to  develop  a  technique  for  coping  with  interactions  in  the  Artemis  array. 


ACOUSTIC  INTERACTIONS 

A  series  of  tests  were  conducted  to  investigate  the  effectiveness  of  three  techniques 
for  reducing  the  effects  of  acoustic  interaction  on  the  velocity  distribution  among  ele¬ 
ments  in  the  Artemis  array.  The  first  method  consisted  of  bonding  a  group  of  elements 
into  a  subassembly  to  effectively  increase  the  size  of  the  unit  element.  This  should  have 
the  effect  of  increasing  the  self-acoustic  loading  of  the  unit  element  and  thus  reduce  the 
relative  contribution  of  the  interaction  loading.  A  minimum  element  size  of  one-half¬ 
wavelength  square  was  indicated  by  the  work  of  Rusby  (10).  The  second  approach  was  to 
use  a  parallel  electrical  connection  of  transducer  elements  as  opposed  fcj  the  series- 
parallel  configuration  of  the  original  array.  The  parallel  connection  permits  a  current 
distribution  in  which  the  current  through  an  element  is  inversely  proportional  to  the  ele¬ 
ment  impedance;  thus,  an  element  with  high  electrical  impedance  resulting  from  low 
acoustic  loading  caused  by  the  interaction  field  would  receive  a  lower  drive  current  them 
an  element  with  low  impedance  resulting  from  high  loading.  In  the  original  series- 
parallel  configuration  the  current  through  an  element  was  controlled  by  the  total  imped¬ 
ance  of  six  series-connected  elements  and  thus  was  not  subject  to  the  self-limiting  action 
inherent  in  an  all  parallel  connections.  The  third  technique  used  parallel  connected  ele¬ 
ments  which  were  individually  tuned  by  means  of  series  capacitors  to  reduce  the  suscep¬ 
tibility  to  variations  in  loading.  This  method  has  been  shown  to  be  effective  in  an  array 
of  piezoelectric  projectors  by  Carson,  et  al.  (11). 

The  first  test  series  was  conducted  during  May  1962  in  the  Cape  Charles  area  of  the 
Chesapeake  Bay  at  a  water  depth  of  90  feet.  Operations  were  performed  aboard  the  USS 
Hunting  (EAG  398),  a  Laboratory  research  vessel,  the  experimental  array  being  lowered 
through  a  well  amidships.  The  experimental  array  for  this  test  series  consisted  of  a 
nominally  one-wavelength  square  array  of  144  elements.  Subassemblies  of  transducer 
elements  were  fabricated  by  mechanically  bonding  the  sides  of  several  elements  together 
to  make  a  single  larger  radiating  element.  There  were  three  such  subassemblies,  one  of 
36  elements  in  a  six-by-six  configuration,  and  two  of  12  elements  in  three-by-four  con¬ 
figurations.  The  remaining  spaces  in  the  transducer  array  were  filled  by  individual  ele¬ 
ments.  Nine  elements  each  in  the  upper-right-hand  and  lower-left-hand  quadrants  of  the 
36  element  assembly  were  modified  by  the  addition  of  accelerometers  attached  to  the 
inner  masses.  Each  of  the  18  elements  was  provided  with  two  internal  accelerometers, 
one  at  the  top  edge  and  one  at  the  bottom  edge  of  the  inner  mass.  In  addition,  each  of  the 
36  elements  in  the  subassembly  was  modified  by  the  addition  of  a  stainless  steel  slug  in¬ 
serted  in  the  lower  face  on  the  cable  entrance  end  of  each  element.  This  slug  was  cen¬ 
tered  below  an  existing  slug  in  the  center  of  each  transducer  face  and,  like  the  existing 
slug,  was  provided  with  a  tapped  hole  to  which  an  accelerometer  could  be  attached. 

Thus,  provision  was  made  for  monitoring  the  displacement  at  two  points  on  the  outer 
mass  of  each  of  the  36  elements  and  at  two  points  on  the  inner  mass  of  each  of  18  ele¬ 
ments.  Each  of  the  12  elements  in  one  of  the  smaller  subassemblies  was  similarly  in¬ 
strumented,  as  were  three  of  the  individual  elements.  Suitable  electric  cables  were  pro¬ 
vided  to  permit  a  series-parallel  connection  as  in  the  Artemis  array,  or  an  all-parallel 
connection  of  any  group  of  36  elements. 
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The  second  test  series  was  conducted  during  July  1962  at  the  Navy  Electronics  Lab¬ 
oratory  Pend  Oreille  Calibration  Station  at  Eayview,  Idaho.  Two  experimental  arrays, 
each  approximately  one  -half  wavelength  square,  were  investigated.  One  array  was  the 
36-element  consolidated  subassembly  used  in  the  Chesapeake  Bay  tests,  whereas  the 
other  consisted  of  36  unconsolidated  elements.  The  unconsolidated  array  contained  18 
specially  instrumented  elements  of  the  same  type  and  in  the  same  configuration  as  in  the 
consolidated  array.  The  36  elements  in  each  array  were  connected  in  parallel  by  means 
of  transformers  and  36  extension  cables.  Provisions  were  made  for  inserting  tuning  ca¬ 
pacitors  in  series  with  each  element.  As  in  the  Chesapeake  Bay  tests,  flattened,  gas- 
filled  tubes  were  installed  approximately  8  inches  behind  each  row  of  elements  to  sup¬ 
press  acoustic  radiation  to  the  rear.  Details  of  the  experimental  procedures  for  both 
test  series  are  presented  in  Ref.  5. 

The  effect  on  the  uniformity  of  outer  mass  displacement  of  electrical  connection, 
individual  tuning,  and  consolidation  of  elements  is  shown  in  Figs.  14a  through  14d.  In 
these  figures  the  average  values  of  displacements  are  shown  as  circled  points,  whereas 
the  range  of  observed  values  is  indicated  by  the  shaded  region.  All  values  in  Figs.  14a 
through  14c  have  been  normalized  to  1  kW  electrical  input  power.  Values  in  Fig.  14d 
have  been  normalized  to  1  kW  acoustic  power.  Figure  14a,  which  illustrates  the  charac¬ 
teristics  v.f  the  series-parallel,  unconsolidated  configuration,  serves  as  a  reference  to 
evaluate  the  degree  of  improvement.  Figure  14b  illustrates  the  improvement  in  displace¬ 
ment  uniformity  obtained  by  the  use  of  an  all-parallel  electrical  connection.  When  the 
individual  elements  were  tuned  by  inserting  a  5  mF  capacitor  in  series  with  each  element, 
the  effects  shown  in  Fig.  14c  were  obtained.  Tuning  resulted  in  an  improved  distribution 
at  the  upper  end  of  the  frequency  band  with  a  slight  worsening  at  some  other  frequencies. 
Consolidation  of  the  elements,  with  the  results  shown  in  Fig.  14d,  tended  to  reduce  the 
spread  of  the  displacement  data.  However,  the  maximum  values  were  not  reduced  at  all 1 
frequencies. 

It  was  previously  pointed  out  that  the  transducer  spring  deflections  in  the  TR-11  ele¬ 
ment  are  not  directly  related  to  outer  mass  displacement.  Examples  of  the  spring  de¬ 
flections  observed  in  these  tests  are  illustrated  in  Figs.  15a  through  15d.  Again,  the 
circled  points  represent  average  values  and  the  shaded  area  represents  the  range  of 
values.  Spring  deflections  in  the  control  group,  that  is,  the  series-parallel,  unconsoli¬ 
dated  configuration,  are  shown  in  Fig,  15a.  Figures  15b,  15c,  and  15d  illustrate  the  ef¬ 
fects  of  parallel  connection,  tuning,  and  consolidation  as  indicated  in  the  figures.  The 
high  values  of  spring  deflection  observed  in  the  consolidated  group  at  frequencies  in  the 
neighborhood  of  370  Hz  result  from  a  nonrectilinear,  or  rocking,  motion  of  the  inner 
mass.  This  mode  of  oscillation,  while  present  in  all  groups,  is  acc  anted  by  consolidation. 

The  average  acoustic  powers  per  element  which  would  result  in  spring  deflections  of 
10  mils,  peak  to  peak  were  computed  for  the  various  test  configurations.  Figures  16  and 
17  illustrate  the  results  of  these  computations.  It  can  be  observed  that  the  parallel  con¬ 
nection  of  unconsolidated  elements,  without  individual  tuning,  yields  the  best  overall  re¬ 
sults.  .Although  individual  tuning  effects  an  improvement  at  the  upper  end  of  the  fre¬ 
quency  band,  the  improvement,  when  considering  the  band  as  a  whole,  is  marginal. 

The  results  of  this  test  were  extrapolated  to  predict  the  improvement  to  be  expected 
if  the  full  2-1/2,  by  4  wavelength  Artemis  array  were  modified  to  an  all-parallel  electri¬ 
cal  interconnection  and  the  elements  either  group  tuned  or  individually  tuned.  The  pre¬ 
dicted  source  levels  are  plotted  in  Fig.  18,  along  with  the  source  level  for  the  series- 
parallel  configuration. 
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Fig.  14a  -  36-element  unconsolidated  group  in  X.x  \  array,  series- 
parallel  connection,  displacement  values  normalized  to  1  kW  elec¬ 
trical  power.  Circled  points  indicate  average  values,  shaded  area 
indicates  range  of  values. 


Fig.  14b  -  Same  as  above  with  "series-parallel  connection" 
changed  to:  parallel -group  tuned  connection 
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Fig.  14c  -  Same  as  14a  with  "series-parallel '0011116011011" 
changed  to:  parallel -individually  tuned  (5  fJ.F)  connection 
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Fig.  14d  -  36-element  consolidated  array,  parallel-group  tuned 
connection,  displacement  values  normalized  to  1  kW  acoustic 
power.  Circled  points  indicate  average  values,  shaded  area  in¬ 
dicates  range  of  values. 
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Fig.  15a  -  36-element  unconsolidated  group  in  X  x  X  array, 
series-parallel  connection,  group  tuned,  values  normal¬ 
ized  to  1  kW  electrical  power.  Circled  points  indicate 
average  values,  shaded  area  indicates  range  of  values. 


Fig.  15b  -  36-ej.ement  unconsolidated  array,  parallel- 
group  tuned  connection,  values  normalized  to  1  kW 
aooustic  power.  Circled  points  indicate  average  val¬ 
ues.  shaded  area  indicates  range  of  values. 


CONFIDENTIAL 


SPRING  DEFECTION  (MILS  PEAK  TO  PEAK). 


CONFIDENTIAL 


18 


FERRIS  AND  ROLLINS 


CONFIDENTIAL 


Fig.  16  -  Average  acoustic  power  per  element  with  array 
limited  to  a  maximum  spring  deflection  of  10  mils  peak 
to  peak 


Fig.  17  -  Average  acoustic 
power  per  element  with 
array  limited  to  a  maxi¬ 
mum  spring  deflection  of 
10  mils  peak  to  peak 
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Fig.  18  -  Predicted  source  levels  of  the  full 
Artemis  array  for  three  configurations  of 
electrical  connection  of  elements 


A  theoretical  study  (7)  in  which  the  transducer  array  was  simulated  on  a  digital 
computer  also  confirmed  that  an  all-parallel  connection  of  elements  would  improve  per¬ 
formance.  It  also  predicted  that  individual  tuning  of  elements  would  increase  the  allow¬ 
able  power  at  the  upper  end  of  the  frequency  band. 

As  a  result  of  the  studies  and  experiments,  the  decision  was  made  to  modify  the 
electrical  connection  of  elements  in  the  Artemis  array  to  an  all-parallel  configuration. 


PERFORMANCE  OF  THE  COMPLETED  ARRAY 
Power  Tests  of  the  Completed  and  Modified  Source 

In  the  spring  of  1964  the  transducer  array  was  completed  by  adding  the  top  row  of 
five  transducer  modules,  resulting  in  a  rectangular  plane  array  33  feet  wide  and  50  feet 
high.  Concurrent  with  the  installation  of  the  additional  transducer  elements  the  electri¬ 
cal  connection  to  all  elements  was  modified  from  the  previous  arrangement,  in  which 
groups  of  six  elements  were  connected  in  series  and  all  series  groups  connected  in  par¬ 
allel,  to  the  present  configuration,  in  which  all  elements  are  connected  in  parallel.  This 
was  accomplished  by  installing  paralleling  transformers  on  the  array  structure  to  the 
rear  of  each  transducer  module.  The  transformers  are  required  to  preserve  the  imped¬ 
ance  compatibility  between  the  transducer  modules  and  existing  circuitry.  The  squashed 
tubes,  which  provide  pressure-release  backing  for  the  elements,  were  also  replaced  by 
tubes  of  an  improved  design  having  an  increased  radius  of  curvature  at  the  bends.  A 
number  of  the  previous  tubes  had  suffered  fatigue  failure,  and  it  was  thought  that  they 
would  not  wichstand  the  anticipated  higher  intensity  acoustic  field  which  could  be  gener¬ 
ated  by  the  modified  source. 

Tests  to  determine  the  operating  characteristics  and  the  allowable  level  of  power  of 
the  modified  and  completed  source  were  conducted  in  Northwest  Providence  Channel  in 
July  1964.  One  specially  instrumented  transducer  module,  containing  32  of  the  elements 
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which  had  been  modified  by  the  installation  of  internal  and  external  accelerometers,  was 
installed  in  module  position  two,  that  is,  the  second  position  from  the  left  in  the  top  row 
tvhen  facing  the  front  of  the  array.  During  the  tests  the  special  module  was  moved  se¬ 
quentially  to  positions  8,  14,  20,  and  11,  as  shown  in  Fig.  19.  Positions  of  the  instru¬ 
mented  elements  within  the  test  module  are  indicated  by  the  cross-checked  areas.  At 
each  position  the  array  was  driven  with  continuous  waves,  the  current  being  held  constant 
as  the  frequency  was  stepped  over  the  operating  band.  Spring  deflections  were  computed 
from  the  recorded  inner  and  outer  mass  displacement  of  each  instrumented  element.  In 
addition,  provision  was  made  for  summing  the  inner  and  outer  mass  displacements  for 
five  of  the  instrumented  elements  in  order  to  monitor  spring  deflections  of  those  ele¬ 
ments  when  the  array  was  driven  by  broadband  signals.  Array  impedance  was  computed 
from  the  measured  voltage,  current,  and  power  input.  The  array  was  submerged  to  a 
depth  of  600  feet  during  these  tests. 

The  resistive  and  reactive  components  of  array  impedance  are  plotted  in  Fig.  20. 

The  impedance  data  were  obtained  at  a  constant  current  of  50  amp  except  at  frequencies 
higher  than  445  Hz,  where  it  was  reduced  to  25  amp. 

The  mean  and  maximum  observed  spring  deflections  for  continuous  wave  excitation 
are  illustrated  in  Fig.  21.  The  distributions  of  spring  deflections,  which  have  been  di¬ 
vided  by  the  mean  at  each  frequency,  are  plotted  for  eight  illustrative  frequencies  in 
Fig.  22.  It  can  be  observed  from  both  of  these  plots  that  there  is  a  wide  spread  between 


Fig.  19  -  Arrangement  of  in¬ 
strumented  elements  (marked 
by  crosses)  during  tests  of  the 
completed  Artemis  array 


Fig.  20  -  Resistive  and  reactive 
impedance  components  for  the 
completed  Artemis  array 
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Fig.  21  -  Mean  and  maximum  observed  spring 
deflections  with  continuous -wave  excitation  for 
the  completed  Artemis  source 
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Fig.  22  -  Distribution  of  spring  deflections 
in  the  completed  Artemis  source 
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the  maximum  and  the  mean  at  frequencies  of  380,  395,  435,  and  450  Hz.  The  divergence 
above  430  Hz  is  a  consequence  of  the  element  response  to  variations  in  acoustic  loading. 
When  a  constant  voltage  is  applied  across  the  input  terminals  of  a  single  unloaded  ele¬ 
ment  measur  d  in  air,  the  spring  deflections  vary  with  frequency  in  the  manner  illus¬ 
trated  in  Fig.  23.  A  sharp  maximum  occurs  at  the  impedance  pole.  If  the  element  were 
loaded  with  a  mass  reactance,  the  frequency  at  which,  the  deflection  maximum  occurs 
would  decrease.  If  a  resistive  load  were  added,  the  principal  effect  would  be  a  reduction 
in  the  height  of  the  maximum.  When  an  element  is  operating  in  an  array,  it  experiences 
wide  variations  in  acoustic  loading  due  to  acoustic  interactions.  Figure  24  (7)  illustrates 
how  the  real  part  of  the  radiation  load  can  vary,  relative  to  unity  pcA  loading,  over  the 
face  of  a  uniform-velocity  array.  The  data  illustrated  were  computed  for  one  quadrant 
of  a  2-1/2  by  4  wavelength  uniform -velocity  array,  i.e.,  equal  amplitude  and  phase  over 
the  array  face,  at  a  frequency  of  400  Hz.  The  reactive  component  of  loading  has  a  simi¬ 
lar  pattern.  If  an  element  is  in  a  position  to  experience  a  large  mass  reactive  load,  the 
spring  deflection  peak  illustrated  in  Fig.  23  would  occur  within  the  operating  band  and 
would  have  a  height  dependent  upon  the  value  of  the  resistive  component  of  loading.  At 
frequencies  below  that  at  which  the  pronounced  peak  deflection  occurs,  it  can  be  shown 
(8)  that  the  value  of  spring  deflection  is  relatively  insensitive  to  the  character  of  the 
radiation  load.  It  is  the  effect  described  above  which  causes  the  marked  nonuniform  dis¬ 
tribution  of  spring  deflections  at  frequencies  above  430  Hz,  as  shown  in  Figs.  21  and  22. 
It  can  be  seen  from  Fig.  22  that  the  distributions  at  frequencies  of  380,  395,  and  405  Hz 
are  also  very  broad.  This  results  from  a  resonance  in  a  rotary  mode  (8)  of  vibration  of 
the  inner  mass.  This  mode  produces  large  spring  deflections  without  a  correspondingly 
large  displacement  of  the  outer  mass  and,  hence,  does  not  contribute  to  the  acoustic 
field. 


FREQUENCY  (Hz) 

Fig.  23  -  Spring  deflections  of  an  un¬ 
loaded  element  in  air  for  a  constant- 
voltage  drive 
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Since  the  power  limitation  for  these  elements  is  imposed  by  fatigue  of  the  element 
springs,  the  maximum  allowable  electrical  power  input  can  be  extrapolated  from  the 
maximum  observed  deflection  at  a  known  input  power  at  each  frequency.  Manufacturer's 
tests  and  experimental  results  indicate  that  a  peak-to-peak  deflection  of  0.01  inch  is 
approximately  the  maximum  safe  value.  The  application  of  a  3-dB  safety  factor  reduces 
the  maximum  value  to  0,007  inch.  This  estimated  safety  factor  is  required  to  allow  for 
the  size  of  the  statistical  sample  and  for  the  transient  overshoot  when  the  input  signal  is 
pulsed.  The  power  input  required  to  produce  a  maximum  peak-to-peak  spring  deflection 
of  0.007  inch  is  plotted  in  Fig.  25.  The  corresponding  maximum  allowable  voitage  input 
to  the  driving  amplifiers. is  plotted  in  Fig.  26.  Since  the  voltage  gain  of  the  amplifiers  is 
adjustable,  the  input  voltage  is. given  as  a  relative  value  referenced  to  the  maximum  al¬ 
lowable  voltage  at  380  Hz  for  die  particular  amplifier  gain  employed  during  the  test.  The 
amplifier  input-output  relations  were  obtained  with  a  constant  voltage  input  over  the  fre¬ 
quency  range  to  two  amplifiers  connected  in  parallel  to  the  transducer  ioad.  The  data 
plotted  in  Fig.  26  have  been  extrapolated  to  the  value  required  to  produce  the  maximum 
allowable  input  power  at  each  frequency. 

At  the  conclusion  of  the  experiments  an  endurance  run  was  conducted  consisting  of  2 
accumulated  hours  of  operation  each  at  frequencies  of  350,  415,  430,  and  450  Hz  with 
power  levels  of  200,  400,  300,  and  120  kW  electrical  input,  respectively.  The  power 
levels  employed  were  based  on  preliminary  analysis  of  the  data  and  were  somewhat 
higher  at  430  Hz  and  450  Hz  than  presently  recommended.  A  check  of  the  elements,  fol¬ 
lowing  the  endurance  tests,  revealed  that  two  elements  had  been  damaged. 

When  the  array  was  energized  with  a  phase-reversal  modulated  pseudorandom  sig¬ 
nal,  an  examination  of  the  oscillographic  records  of  element  mass  displacements  re¬ 
vealed  a  very  nearly  linear  relationship  between  tne  signal  voltage  waveform  and  the 
external  mass  displacement.  The  spring  deflections,  however,  showed  no  recognizable 
correspondence.  Large  peak  values  of  deflection  occurred  at  apparently  random  inter¬ 
vals  in  the  sequence.  Measurements  of  the  maximum  excursion  of  the  deflection  values 
indicated  that  the  maximum  allowable  rms  current  input  is  85  amp.  It  is  recognized  that 
the  radiation  loading  patterns  existing  with  steady-state  excitation  do  not  apply  for  mod¬ 
ulated  signal  waveforms.  At  the  present  lev*»l  of  understanding,  it  is  not  possible  to  pre¬ 
dict  the  maximum  power  level  for  modulated  waveforms  from  steady-state  measure¬ 
ments.  Additional  experiments  (9)  conducted  during  the  acoustic  calibration  tests 
disclosed  that  maximum  allowable  power  for  pseudorandom  signal  excitation  depends 
upon  a  number  of  variables.  The  results  presented  in  Table  1  show  the  variation  in  al¬ 
lowable  power  into  the  array  for  12  different  modulated  signal  types.  All  the  signals 
employed  were  pseudorandom  in  some  sense,  but  they  differed  from  each  other  in  the 
following  respects: 


Center  frequency 
Modulation  frequency 
Filtering 

Method  of  modulation 


380,  400,  420  Hz 
100,  80,  50,  42  Hz 
350-450  Hz,  350-430  Hz 
PM,  FSK,  PEN 


The  phase-modulated  (PM)  signals  were  obtained  by  using  a  shift  register  output  to  co¬ 
herently  phase  modulate  a  carrier  frequency  f0 .  The  carrier  phase  was  zero  or  180  de¬ 
grees,  depending  upon  whether  the  shift  register  output  was  zero  or  one.  The  center 
frequency  could  be  changed  from  the  normal  value  of  400  to  380  Hz  or  to  420  Hz,  and  the 
filters  at  the  output  could  be  changed  to  pass  the  band  from  350  to  450  Hz  or  from  350  to 
430  Hz.  The  modulation  frequency  could  also  be  varied  by  changing  the  shift  register 
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Fig.  25  -  Maximum  allowable  power  input  to  the 
completed  Artemis  array  for  pulsed  sinusoids 


Fig.  26  -  Relative  maximum  allowable  voltage  input 
to  the  completed  Artemis  source  for  pulsed  sinusoids 
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rate  from  100  to  80  Hz  or  to  50  Hz,  thus  changing  the  length  (in  cycles)  of  the  signal  bit 
from  four  to  five  and  eight,  respectively.  The  frequency  shift  keying  signal  (FSK)  was 
modulated  by  the  same  shift  register,  but  the  modulation  process  consisted  of  shifting 
the  carrier  frequency  between  380  and  420  Hz  in  a  phase-coherent  manner.  The  pseudo¬ 
random  noise  (PEN)  signal  was  generated  by  the  NEL  pseudonoise  generator,  which  is  a 
shift  register  operating  at  a  3.2-kHz  clock  rate.  A  100-Hz  band  centered  at  400  Hz  was 
selected  by  filtering  the  generated  signal.  In  a  second  mode  of  operation,  the  filtered 
signal  was  clipped  and  filtered  again  through  a  100-Hz  bandpass  filter,  resulting  in  a 
lower  peak-to-rms  ratio. 


Table  1 

Allowable  Power  Input  for  Various  Modulated  Signals 


Num¬ 

ber 

Modulation 

Type* 

Shift 

Reg. 

Length 

Modulation 

Rate 

(Hz) 

Center 

Freq. 

(Hz) 

Filter 

Bandwidth 

(Hz) 

Allowable 

Power 

(kW) 

1 

PRS 

12 

100 

400 

350-450 

182 

2 

PRS 

12 

100 

400 

350-430 

232 

3 

PRS 

12 

100 

380 

350-450 

262 

4 

PRS 

12 

100 

420 

350-450 

229 

5 

PRS 

7 

100 

400 

350-450 

245 

6 

PRS 

12 

80 

400 

350-450 

257 

7 

PRS 

11 

50 

380 

350-450 

268 

8 

PRS 

11 

50 

420 

350-450 

307 

9 

PRS 

11 

50 

400 

350-450 

342 

10 

PRN 

— 

wide  band 

400 

350-450 

110 

11 

PRN 

— 

100 

400 

350-450 

237 

clipped  and 
filtered 

12 

FSK 

11 

42 

400 

350-450 

385 

,;<PRS  =  Phase  reversal  modulated  pseudorandom  signals;  PRN  =  NRL  pseudorandom  noise 
signals;  FSK  =  frequency-shift  keying. 


The  allowable  power  tabulated  in  Table  1  is  the  maximum  allowable  power  based  on 
the  largest  spring  deflection  of  any  sampled  element.  One  trend  evident  in  the  table  in¬ 
dicates  that,  for  a  given  center  frequency  and  modulation,  the  aliowable  power  increases 
as  the  bandwidth  decreases.  This  and  other  relationships  in  the  tabulated  results,  such 
as  those  concerning  center  frequency  and  shift  register  length,  are  difficult  to  explain 
and  indicate  a  need  for  further  investigation  of  the  simultaneous  effects  of  signal  wave¬ 
form,  element  response,  and  acoustic  interactions.  However,  the  results  do  illustrate  a 
strong  dependence  of  allowable  power  input  on  signal  characteristics. 

It  is  interesting  to  compare  the  performance  of  the  Artemis  array  with  the  perform¬ 
ance  of  one  element  represented  by  its  electrical  analog  equivalent  circuit.  Such  a  com¬ 
parison  is  shown  in  Fig.  27.  The  upper  broken  curve  represents  the  allowable  continuous- 
wave  input  power  to  one  element,  assuming  constant  acoustic  loading  of  unity  pcA.  The 
lower  broken  curve  represents  the  allowable  continuous-wave  pov/er  into  the  element 
when  the  worst-case  acoustic  loading  situation  at  each  frequency  is  chosen.  The  worst - 
■„ase  condition  is  determined  by  varying  the  real  and  imaginary  parts  of  the  acoustic 
radiation  impedance  over  the  range  estimated  for  the  Artemis  source  (zero  to  1,0  pcA 
for  the  real  part  and  -0.3  to  +0.3  pcA  for  the  reactive  part).  The  solid  line  represents 
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Fig.  27  -  Comparison  of  allowable  power  for  the 
Artemis  array  and  one  ar.alog  equivalent  element 


the  curve  of  maximum  allowable  input  power  determined  from  experimental  measure¬ 
ments  with  specially  instrumented  elements  in  the  complete  array  in  the  field.  The  dip 
in  the  experimental  curve  at  400  Hz  results  from  the  excitation  of  a  rotary  mode  of  vi¬ 
bration  in  the  element.  This  exemplifies  a  shortcoming  in  the  analog  circuit  analysis, 
since  the  equivalent  circuit  did  not  include  this  degree  of  freedom.  The  experimental  and 
analog  curves  are  in  reasonable  agreement  otherwise,  when  it  is  considered  that  they  are 
both  subject  to  inherent  errors.  The  principal  uncertainty  in  the  experimental  curve  re¬ 
sults  from  the  small  size  of  the  statistical  sample  of  elements;  i.e.,  approximately  10% 
of  the  elements  were  instrumented.  On  the  other  hand,  the  analog  data  suffer  from  the 
Luck  of  certainty  concerning  the  range  and  combination  of  real  and  imaginary  components 
of  acoustic  loading  values  and  the  approximation  of  the  equivalent  circuit  to  the  actual 
element.  A  similar  analysis  was  made  using  phase -modulated  pseudorandom  signals. 

The  maximum  allowable  PRS  powers,  as  determined  from  experimental  measurements 
on  the  array  and  from  the  analog  circuit  tests  with  the  assumed  loading,  are  plotted  as 
points  in  Fig.  27.  It  can  be  seen  that  the  two  methods  agree  within  1  dB.  This  is  a  sur¬ 
prisingly  good  agreement  considering  that  only  fixed  loads,  whose  range  of  values  was 
derived  from  steady-state  computations,  were  used.  Further  studies  concerning  the  na¬ 
ture  of  transient  loading  effects  are  needed  before  conclusions  can  be  drawn  regarding 
the  adequacy  of  this  technique. 

Acoustic  Calibration 

Field  Patterns  -  Acoustic  field  measurements  were  obtained  using  three  hydro¬ 
phones  mounted  on  a  spar  attached  to  a  190-foot  boom.  The  boom  was  provided  with  a 
latching  mechanism  to  insure  positional  accuracy  of  the  hydrophones.  Three  latched 
positions  were  provided  which,  with  the  three  hydrophones,  gave  nine  fixed  measurement 
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points  at  depression  angles  relative  to  the  acoustic  axis  of:  -2.5,  0,  2.5,  5,  7.5,  10,  17.5, 
20,  and  22.5  degrees.  Some  additional  measurements  were  made  at  intermediate  non- 
latched  positions.  Details  of  the  measurement  technique  will  be  found  in  Ref.  9. 

The  ranges  of  the  hydrophones  from  the  center  of  the  array  varied  from  189.2  to 
199.9  feet,  depending  on  the  boom  position.  These  ranges  are  not  sufficient  to  yield  true 
far-field  results.  However,  this  range  yields  an  adequate  approximation  for  angles 
within  10  degrees  of  the  acoustic  axis.  An  indication  of  the  validity  of  the  approximation 
to  far-field  conditions  is  given  by  the  results  of  computations  in  which  the  Artemis 
source  was  represented  by  a  field  of  160  point-source  radiators  uniformly  spaced  over 
the  dimensions  of  the  array  and  driven  in  phase.  The  amplitude  and  phase  of  the  acoustic 
field  of  the  point-source  array  were  computed  for  hydrophone  ranges  of  190  feet  and  in¬ 
finity.  The  results  of  these  computations  at  400  Hz  are  plotted  in  Fig.  28  along  with  the 
measured  field  of  the  Artemis  array.  The  far-field  amplitude  is  normalized  to  zero  on 
the  acoustic  axis.  Phase  is  referred  to  zero  range  to  the  center  of  the  array.  The  am¬ 
plitude  pattern  computed  at  hydrophone  range  is  within  0.5  dB  of  the  far-field  pattern  for 
all  angles  in  the  major  lobe  out  to  approximately  9.5  degrees.  For  larger  angles,  par¬ 
ticularly  those  near  the  null,  the  difference  becomes  large.  The  phase  angles  computed 
for  a  range  of  190  feet  and  for  far  field  show  an  appreciable  difference  for  all  angles. 
However,  the  phase  difference  is  shown  in  Ref.  9  to  be  a  linear  function  of  frequency  and 
thus  appears  as  a  time  shift  and  does  not  produce  distortion.  It  can  be  seen  from  Fig.  28 


Fig.  28  -  Experimental  and  computed 
field  patterns  at  400  Hz 
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that  the  amplitude  and  phase  patterns  measured  on  the  Artemis  array  agree  well  with  the 
near-field  computed  patterns;  therefore  it  can  be  concluded  that  this  array  pattern  re¬ 
sembles  that  of  a  uniformly  vibrating  piston. 

Figure  29  is  a  polar  plot  of  the  measured  amplitude  patterns  at  350,  400,  and  450  Hz. 
At  each  frequency  the  amplitude  plots  are  normalized  to  the  on-axis  values.  Figures 
30a  through  30g  present  amplitude  and  phase  data  on  expanded  linear  scales  for  seven 
frequencies  between  300  and  500  Hz.  In  these  plots  both  amplitude  and  phase  are  nor¬ 
malized  to  the  on-axis  values.  The  3-dB  beamwidth  is  seen  to  range  from  11  to  15  de¬ 
grees  over  the  bandwidth  from  450  to  350  Hz. 


Fig.  29  -  Polar  plot  of  field  patterns 
at  350,  400,  and  450  Hz 


On-axis  source  levels  at  1  yard  for  various  current  levels  are  shown  in  Fig.  31. 
Figure  32  gives  the  source  levels  for  unit  power,  current,  and  voltage  into  the  array. 

The  maximum  obtainable  source  levels,  based  on  the  maximum  allowable  i.-jut 
power  curve  of  Fig.  25  and  the  .response  curves  of  Fig.  32,  are  shown  ir.  Fig.  33  as  a 
function  of  frequency.  The  corresponding  maximum  allowable  power  and  voltage  curves 
(Figs.  25  and  26)  are  reproduced  in  this  figure  for  comparison  purposes. 
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Fig.  30  -  Acoustic  field  pattern  with  amplitude 
and  phase  normalized  to  the  on-axis  values 
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Fig.  33  -  Maximum  allowable 
cw  source  level,  vs  frequency, 
on  axis,  with  corresponding 
voltage  and  power 
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Transfer  Function  Results  -  The  transfer  function  is  defined  as 
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where 

5  =  the  depression  angle  relative  to  the  acoustic  axis, 

v.  =  the  voltage  of  the  hydrophone  at  depression  angle  6  and  range  R, 

=  the  hydrophone  voltage  vh  referred  to  zero  range, 
vG  =  the  signal  generator  voltage  (input  to  the  Artemis  amplifier  console), 
t  --  the  acoustic  propagation  delay  =  R/c,  and 
v'G  =  the  signal  generator  voltage  delayed  by  the  propagation  time. 

In  the  instrumentation  system,  the  signal  generator  voltage  vG  was  delayed  by  rp 
seconds,  and  the  phase  of  Vhe  rela-ive  to  VG  was  measured,  since  it  equaled  the  desired 
phase  of  v0g  relative  to  vG.  Thus,  the  transfer  function  obtained  is  the  ratio  of  the  far- 
field  signal  in  the  water  (at  beam  angle  8)  to  the  console  input  signal,  with  the  propaga¬ 
tion  delay  eliminated. 

These  measurements  (9)  were  made  using  sine  wave  excitation  and  also  using  PRS 
excitation  with  amplitude  and  phase  measurements  made  in  contiguous  4-Hz  bands.  The 
PRS  signals  were  generated  using  a  linear  shift  register  with  shift  rates  of  50  and  100  Hz. 
The  50-Hz  shift  rate  was  used  with  an  11-bit  register  and  the  100-Hz  rate  with  a  12-bit 
register  to  produce  a  signal  length  of  42  seconds  in  each  case.  The  shift  register  output 
caused  a  180-degree  phase  shift  in  the  400-Hz  carrier,  thus  producing  a  signal  with  a 
400-Hz  center  frequency  and  pseudorandom  phase-reversal  modulation.  The  11-bit  reg¬ 
ister  code  (12)  was  5205E  and  the  12-bit  code  was  10123F.  The  sine  wave  results  are 
plotted  in  Figs.  34a  through  34i  for  each  of  the  hydrophone  positions  (8  =  -2.5,  0,  2.5,  5, 
7.5,  10,  17.5,  20,  and  22.5  degrees).  These  results  were  obtained  at  40  amp  rms  ampli¬ 
fier  output.  Linearity  considerations  are  discussed  in  a  later  section.  It  should  be  noted 
that  all  transfer  function  measurements  were  made  with  the  console  filter  out,  and  that 
there  is  a  180-degree  phase  s' 'ft  in  the  amplifier  input  circuits.  The  transfer  function 
measurements  were  made  with  a  12.4  pF  tuning  capacitor  bank  connected  in  series  with 
the  amplifier  output. 

The  0,  7.5,  and  20  degree  transfer  function  results  obtained  using  PP.S  excitation  at 
a  level  of  80  amp  rms  are  plotted  in  Fig".  35  and  36.  The  amplitude  data  is  normalized 
to  zero  dB  on  axis  at  400  Hz.  The  80-amp  continuous  wave  results  are  plotted  for  com¬ 
parison.  It  can  be  seen  that  the  results  agree  to  within  1  dB  in  amplitude  and  10  degrees 
in  phase.  Another  significant  characteristic  of  the  transfer  function  results  is  that  the 
amplitude  characteristic  over  the  band  from  350  to  450  Hz  is  flat  within  ±  1.5  dB,  and  the 
phase  characteristic  is  very  nearly  linear  with  frequency  for  the  major  lobe.  The  phase 
chare cteristics  are  replotted  in  Fig.  37  with  lineai  phase  shifts  removed  so  that  the 
phase  in  each  case  is  zero  degrees  at  400  Hz.  The  phase  characteristic  is  seen  to  be 
essentially  flat  for  both  PRS  and  cw  signals  over  the  band  from  350  to  450  Hz. 
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The  coherence  ratios,  derived  from  the  cross-power  spectral  densities  used  in 
transfer  function  measurements,  were  computed  for  each  hydrophone  position  as  follows: 

IV")  1 2 

coherence  ratio  y  - - , 

*,,(«)  • 


v/here 

sxu(oj)  =  the  cross-power  spectral  density  between  input  and  output, 

=  the  input  power  spectral  density,  and 

syy(")  =  outPut  power  spectral  density. 

The  coherence  ratios  are  unity  to  within  the  experimental  error  of  the  measure¬ 
ments  (approximately  ±  2%),  with  the  exception  of  the  far  off-axis  results  which  show 
some  real  deviation  from  unity  ratio. 

Crosscorrelation  Measurements  -  Crosscorrelation  measurements  (9)  were  made 
between  each  hydrophone  signal  and  the  PRS  generator.  The  signals  used  were  the  same 
as  those  employed  in  the  transfer  function  measurement,  namely,  phase  modulated  sig¬ 
nals  of  400-Hz  center  frequency,  and  50  and  100  Hz  shift  rates.  The  input  level  was  80 
amp  rms.  For  comparison,  the  normalized  autocorrelation  functions  for  the  50  and 
100  Hz  shift  rate  signals  are  given  in  Fig.  38. 

The  instrumentation  system  measured  the  crosscorrelation  function  Rxy(r)  by  per¬ 
forming  the  following  operation: 

#ya.(r)  =  J  yU)  x{t  -r)dt, 

where 

y  =  the  hydrophone  voltage  and 

*  =  the  reference  signal  from  the  generator. 

The  normalized  crosscorrelation  function  is  obtained  by  dividing  ft  (.r)  by  a  normal¬ 
izing  factor  as  follows: 


Pyx <T>  = 


Vr> 


i  J  x(l)2  dt  J  y(s)2dt 


The  crosscorrelation  functions  for  the  on-axis  hydrophone  are  given  in  Fig,  39  for 
50  and  100  Hz  modulation  rates.  These  results  have  been  renormalized  to  let  /cK  o)  be 
unity.  Thus,  the  curves  can  be  compared  directly  with  Fig.  38,  and  it  can  be  seen  that 
there  is  no  measurable  difference  in  curve  shape  between  the  autocorrelation  functions 
and  the  crosscorrelation  functions.  The  peak  values  of  the  normalized  crosscorrelation 
functions  for  both  50  and  100  Hz  modulation  rates  were  within  ±  5%  of  unity  for  all  de¬ 
pression  angles. 
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Fig.  34  -  Transfer  function  (amplitude  and  phase)  for  continuous -wave 
measurements  at  a  given  depression  angle  Continued 
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Fig,  34  -  Transfer  function  (amplitude 
and  phase)  for  continuous -wave  meas¬ 
urements  at  a  given  depression  angle  9 
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Fig.  37  -  Phase  comparison  of  pseudorandom  signal 
and  continuous  wave  with  linear  component  removed 


Fig.  38  -  Autocorrelation  function 
for  50-  and  100-Hz  signals 
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DELAY ,  r  (MILLISECONDS) 

Fig.  39  -  Crosscorrelation  functions 
for  the  0°  hydrophone 


Linearity  Measurements  -  The  transfer  function  amplitude  and  phase  for  continuous 
wave  excitation  were  measured  at  several  values  of  array  current.  Figure  40  illustrates 
the  results  obtained  with  array  currents  of  8,  20,  and  80  amp.  It  can  be  observed  that 
there  is  an  appreciable  change  in  both  amplitude  and  phase  with  changes  in  current  level. 
In  Fig.  41  phase  is  plotted  as  a  function  of  array  input  current  with  frequency  as  a  pa¬ 
rameter  for  values  of  curr  ent  from  8  amp  up  to  the  highest  allowable  input  current  for 
each  frequency.  Nonlinear  behavior  is  particularly  apparent  at  the  lowest  frequency, 

350  Hz.  Figures  42  and  43  illustrate  the  array  impedance  as  a  function  of  frequency  and 
array  input  current,  respectively.  Considerable  nonlinearity  of  array  impedance  can  be 
observed  in  Fig.  43.  The  nonlinearity  is  also  observed  in  the  hydrophone  voltage  as  il¬ 
lustrated  in  Fig.  44,  where  the  ratios  of  hydrophone  voltage  and  array  input  voltage  to 
input  current  are  plotted  as  a  function  of  array  input  current.  Values  have  been  normal¬ 
ized  to  unity  at  an  input  current  of  8  amp.  Since  the  two  curves  shown  in  Fig.  44  are  in 
approximate  agreement,  it  can  be  concluded  that  the  nonlinearity  of  the  hydrophone  out¬ 
put  is  caused  principally  by  the  impedance  nonlinearity.  The  data  for  the  curves  of  Figs. 
40  through  44  were  obtained  with  continuous  wave  excitation.  When  pseudorandom  sig¬ 
nals  were  used  the  nonlinearity  was  again  observed.  The  transfer  function  phases  as 
obtained  with  cw  excitation  at  8  amp  and  at  80  amp  array  input  current  are  plotted  in 
Fig.  45  together  with  the  PRS  transfer  function  phase  at  80  amp.  There  is  a  large  phase 
difference  between  the  8  amp  and  80  amp  cw  data  at  all  frequencies.  The  80-amp  PRS 
phase  data,  however,  agrees  closely  with  the  80-amp  cw  phase  data.  This  is  surprising, 
since  the  energy  in  the  PRS  is  spread  over  a  broad  band  and  only  a  small  portion  of  the 
energy  is  contained  in  the  4-Hz  analyzing  bandwidth  at  any  one  frequency.  A  similar 
comparison  of  PRS  and  cw  amplitude  nonlinearity  is  complicated  by  several  factors  and 
has  not  been  performed.  Apparently,  the  observed  phase  at  any  one  frequency  depends 
upon  the  total  current  into  the  array  and  not  upon  the  current  in  a  particular  frequency 
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Fig.  44  -  Amplitude  linearity  versus 
array  current  at  420  I-Iz 


band.  It  has  been  concluded  that  the  observed  nonlinearity  is  caused  by  an  array  imped¬ 
ance  change  which  depends  upon  total  current  into  the  array.  When  operating  at  a  con¬ 
stant  current  level  it  would  not  be  expected  that  nonlinearity,  which  is  dependent  upon 
total  input  current,  would  cause  waveform  distortion.  This  conclusion  is  supported  by 
three  additional  observations: 

1.  There  is  no  observable  waveform  distortion  in  sinusoidal  signals  received  by  the 
hydrophones. 

2.  The  crosscorrelation  functions  between  hydrophone  signals  and  input  signals  have 
a  peak  value  of  unity. 

3.  The  coherence  ratio  between  hydrophone  ana  input  signals  is  unity. 

Thus,  it  is  concluded  that  the  nonlinear  characteristics  do  not  introduce  measurable  dis¬ 
tortion  in  the  instantaneous  waveforms. 

Radiated  Noise  Spectrum  -  Table  2  lists  all  the  spectral  lines  observed  over  the 
frequency  range  of  60  to  15,000  Hz  at  a  hydrophone  on  the  acoustic  axis  of  the  source  at 
a  range  of  190  feet  with  the  array  submerged  to  a  depth  of  600  feet.  The  upper  section  of 
Table  2  lists  the  observed  lines  when  the  array  was  energized  with  100  amp  at  420  Hz. 
The  entries  at  the  bottom  of  the  table  are  the  only  lines  observed  when  the  array  was  not 
energized.  Following  this  test  the  amplifiers  were  turned  off  and  the  transducer  discon¬ 
nected  from  the  output  of  the  amplifiers.  The  420-Hz  line  disappeared,  but  the  330-Hz 
line  was  unaffected.  In  computing  source  levels,  it  was  assumed  that  the  transducer  ar¬ 
ray  was  the  source  of  all  lines  except  the  330-Hz  line,  which  was  assumed  to  emanate 
from  the  ship.  It  is  not  known  whether  the  330-Hz  line  existed  when  the  array  was  ener¬ 
gized,  since  only  the  higher  level  lines  other  than  harmonics  and  60  Hz  werf*  recorded  at 
that  time.  The  330-Hz  line  represents  a  source  of  approximately  1  W  acoustic  power 
radiating  in  a  180-degree  solid  angle. 

At  a  later  date  the  array  was  raised  to  a  depth  of  155  feet  and  additional  noise 
measurements  were  obtained  with  no  excitation  to  the  array.  The  hydrophone  was  sub¬ 
merged  to  a  depth  of  50  feet  at  a  range  of  177  feet  from  the  center  of  the  ship.  The  ship 
was  assumed  to  be  the  source  of  all  lines  in  the  computation  of  source  levels.  Table  3 
lists  all  the  observed  spectral  lines.  Thu  amplitudes  of  all  lines  fluctuated  rapidly,  un¬ 
like  the  line  which  was  previously  observed  at  330  Hz,  which  was  steady. 
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Table  2 

Radiated  Noise  Spectrum  With  Array  Energized 
at  420  Hz  and  With  Array  Not  Energized 


CONFIDENTIAL 


Frequency 

Source  Level 

Harmonic 

(Hz) 

(dB/1  dyne/cm2  at  1  yd) 

Energized 

60 

60.4 

301 

80.1 

360 

90.0 

420 

.  i45.1 

Fundamental 

480 

94.6 

540 

86.3 

840 

104.5 

2 

id 

1200 

64.0 

1260 

94.3 

3 

rd 

1680 

72.3 

4 

th 

2100 

76.0 

5 

th 

2940 

70,9 

7 

th 

Not  Energized 

Amplifier  on 

420 

82.6 

Fundamental 

330 

75.6* 

Amplifier  off 

330 

75.6* 

*Source  assumed  to  be  ship  at  range  of  600  feet. 


Table  3 

Radiated  Noise  Spectrum  at  155  Feet  With  Array  Not  Energized 


Frequency 

(Hz) 

Source  Level 
(dB/1  dyne/cm2  at.  1  yd) 

Frequency 

(Hz) 

Source  Level 
(dB/1  dyne/cm 2  at  1  yd) 

60 

55.4 

331 

52.9 

182 

47.4 

570 

57.4 

309 

41.4 

666 

52.9 
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CONCLUSIONS  AND  RECOMMENDATIONS 
Conclusions 


Beam  Pattern  -  Although  it  is  known  that  the  individual  elements  are  subject  to 
widely  varying  radiation  loads  and  that  the  velocities  of  the  radiating  faces  are  not  uni¬ 
form,  the  measured  beam  patterns  agree  quite  well  with  the  patterns  computed  on  the 
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FREQUENCY (Hi) 


Fig.  45  -  Comparison  of  pseudorandom  sig¬ 
nal  and  continuous -wave  transfer  function 
at  80  and  8  amp 


basis  of  a  uniform  velocity  assumption.  Figure  28  shows  the  relationship  between  the 
experimental  beam  pattern  and  a  pattern  computed  using  a  160-element  uniform- 
velocity  model.  While  not  identical,  the  actual  and  ideal  curves  are  in  reasonable  agree¬ 
ment  as  to  the  major  and  minor  lobe  characteristics. 

Signal  Distortion  -  The  correlation  measurements  obtained  at  various  beam  angles 
indicate  that  the  acoustic  signal  waveform  in  the  water  is  an  excellent  replica  of  the  gen¬ 
erator  reference  signal.  No  loss  of  correlation  was  measurable  within  the  measurement 
accuracy  of  the  crosscorrelation  instrumentation.  Since  the  accuracy  of  these  measure¬ 
ments  is  estimated  to  be  better  than  5%,  one  can  conclude  that  the  generator-to-acoustic- 
signal  correlation  is  better  than  0.95  for  the  beam  angles  employed  and  for  the  types  of 
signals  tested. 

Similarly,  the  close  agreement  between  PRS  and  cw  transfer  functions  at  the  same 
power  levels  indicates  that  significant  nonlinear  behavior  of  the  transducer  array  does 
not  occur,  although  there  is  a  dependence  of  array  impedance  on  total  power  input.  This 
is  supported  by  the  coherence  ratios  of,  essentially,  unity. 
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Source  Levels  -  The  cw  source  levels,  as  shown  in  Figs.  31,  32,  and  33,  are  slightly 
lower  than  source  levels  previously  reported  (8).  The  maximum  allowable  source  level 
of  147  dB  at  420  Hz,  as  determined  by  {he  more  precise  measurements  of  the  last  test, 
is  1  dB  lower  than  the  result  obtained  with  the  acoustic  measurements  reported  in  Ref.  8. 
With  modulated  signal  input,  maximum  allowable  power  inputs  vary  widely  depending  on 
many  factors  (cf.  Table  1).  For  pseudorandom  noise  signals  generated  by  the  NRL  PRN 
generator  the  maximum  allowable  power  input  is  110  kW,  whereas  a  signal  specially  de¬ 
signed  for  maximum  power  (phase  coherent  FSK)  has  a  maximum  allowable  power  input 
of  385  kW,  which  is  nearly  identical  to  the  maximum  allowable  power  for  cw  excitation. 
Allowable  powers  for  conventional  phase  reversal.  PRS  inputs  fall  between  these  two 
values. 

The  Artemis  source  contains  1440  massa-type  TR-11C  transducer  elements.  These 
elements  have  a  maximum  recommended  spring  deflection  of  10  mils  peak  to  peak.  A 
group  of  modified  elements,  having  newly  designed  springs,  was  tested  (13)  for  10,000,000 
cycles  at  a  spring  deflection  of  22  mils  peak  to  peak  without  damage.  Mechanical  limita¬ 
tions  of  the  air  gap  prevented  testing  at  larger  deflections.  The  manufacturer,  however, 
had  tested  the  individual  springs  at  44  mils  peak  to  peak  deflection.  If  the  Artemis 
source  was  to  be  equipped  with  elements  containing  the  modified  springs,  an  increase  in 
the  maximum  allowable  power  of  approximately  12  dB  could  be  expected,  provided  the 
transducer  element  remained  the  power  limiting  factor. 


Suggested  Areas  For  Further  Investigation 

Acoustic  Interaction  Effects  -  Experience  with  the  Artemis  source  has  shown  that 
acoustic  interaction  effects  are  significant  in  terms  of  maximum  power  capability,  al¬ 
though  the  beam  patterns  and  transfer  functions  are  apparently  not  adversely  affected. 
The  effect  of  acoustic  interaction  is  particularly  difficult  to  estimate  when  modulated 
signals  are  employed.  Further  investigation  into  the  radiation  loading  of  individual  ele¬ 
ments  in  arrays  excited  by  modulated  waveforms  is  indicated. 

Element  Design  Criteria  -  The  extreme  spread  of  spring  deflections  in  the  Artemis 
elements  over  the  array  under  cw  excitations,  and  the  large  responses  of  individual  ele¬ 
ments  when  excited  by  modulated  waveforms,  indicate  that  additional  criteria  related  to 
dynamic  response  should  be  incorporated  in  design  specifications.  There  is  need  for 
investigation  of  opti  mum  relationships  between  signal  bandwidth,  transduction  efficiency, 
transducer  Q,  maximum  power  capability,  radiation  loading  effects,  and  signal  distortion 

Array  Measurement  and  Evaluation  Methods  -  The  problems  associated  with  per¬ 
formance  measurements  on  large,  low-frequency  arrays  are  formidable.  Near  field 
measurement  techniques  would  be  helpful.  It  is  also  desirable  to  establish  some  stand¬ 
ard  way  of  evaluating  array  performance  under  conditions  of  excitation  by  modulated 
waves  for  comparison  purposes  and  for  acceptance  testing. 

System  Response  to  Modulated  Waveforms  -  The  previous  three  paragraphs  have 
indicated  the  importance  of  additional  investigation  employing  modulated  waveforms.  It 
is  to  be  stressed  that  designs  based  on  continuous -wave  sinusoidal  assumptions  are  not 
adequate  for  use  with  high-power  acoustic  arrays  which  will  be  used  with  various  types 
of  modulated  signals. 
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152  dB  in  a  100-Hz  band  centered  at  400  Hz  with  a  transducer  operating  depth  of 
1200  feet.  The  transducer,  which  was  completed  in  June  1964,  is  a  lectangular 
planar  array  33  feet  wide  and  50  feet  high.  It  is  composed  of  1440  variable- 
reluctance  elements  which  are  driven  in  parallel  from  a  linear  electronic  amplifier. 
The  source  is  installed  aboard  a  modified  T-2  class  tanker  having  a  well  amidship 
through  which  the  transducer  array  is  lowered  and  retrieved. 

Initial  tests  of  the  partially  completed  source  had  revealed  a  severe  acoustic 
interaction  problem  which  imposed  a  restriction  on  the  operating  power  level.  A 
study  program  was  initiated  and  experiments  were  conducted  to  investigate  the  in¬ 
teraction  behavior  and  to  discover  means  to  alleviate  its  effects.  Results  demon¬ 
strated  that  improved  performance  could  be  obtained  by  modifying  the  original 
series-parallel  connection  of  elements  to  an  all-parallel  form.  The  indicated 
modification  was  performed  concurrent  with  the  completion  of  the  transducer 
array. 
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Measurements  performed  on  the  completed  and  modified  transducer  resulted  in 
a  set  of  recommended  safe  power  levels  which  depend  upon  frequency.  Operation  at 
the  recommended  maximum  power  with  pulsed  sinusoids  at  420  Hz,  the  favorable 
frequency,  produces  a  source  level  of  147  dB  referenced  to  one  dyne  per  square 
centimeter  at  one  yard.  Operation  at  other  frequencies  is  more  limited  in  power, 
particularly  at  the  upper  end  of  the  frequency  band. 

An  acoustic  calibration  of  the  source,  accomplished  with  the  aid  of  hydrophones 
mounted  on  the  end  of  a  190-foot  boom,  defined  the  transfer  function  in  a  vertical 
plane  through  the  acoustic  axis  out  to  the  first  minor  lobe.  Correlation  functions 
were  obtained  between  the  input  signal  and  the  acoustic  output  using  pseudorandom 
signals.  It  is  concluded  that  the  acoustic  source  introduces  negligible  distortion  in 
this  type  of  signal 
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